Separation of copper and nickel by liquid-liquid extraction from aqueous solutions was studied using LIX 664N in kerosene as solvent. Both metals were taken in their sulfate form and ratio of copper to nickel in feed solutions was maintained as 10:1. LIX 664N concentration in kerosene was varied from 10% to 40% (v/v) and its effect was studied on percent extraction of copper and nickel for organic to aqueous (O:A) phase ratio of 2:1 at pH 2. Experimental results showed that at pH 2, copper was selectively extracted from its mixture with nickel. Selectivity for copper extraction was as high as 6000 with 40% LIX 664N. Calculations using extraction isotherm indicate almost complete recovery of copper in two stages with O:A ratio of 1:1 and in one stage with O:A ratio of 2:1. After extraction of copper, the pH of raffinate containing nickel was adjusted to a value of 9 by addition of ammonia solution. The effect of LIX 664N concentration on extraction of nickel was studied. Up to 80% nickel could be extracted with 30% LIX 664N at O:A phase ratio of 2:1. Stripping of copper from the organic phase with 180 g/l sulfuric acid at O:A phase ratio of 1:1 gave 98.5% copper recovery in a two-stage operation.
Introduction
Due to an increasing demand for metals, continuous research into finding more effective and efficient methods for recycling of previously used metals is essential. There is an urgent need for economic recovery of the metals in an environment friendly way. The ever increasing quantities of waste electric and electronic equipment are producing huge quantities of waste printed circuit boards (pcbs).
The recovery and separation of metals in discarded pcbs have become a necessity not only to reuse the metals but also to protect the environment from contamination with the toxic metals. Printed circuit boards are a heterogeneous mixture of base metals such as iron, aluminum, copper, zinc and nickel and precious metals such as gold, silver, platinum, etc. [1] [2] [3] .
For recovery of metals from discarded pcbs, the various components on the printed circuit boards are first dismantled by manual, automated or combination of both methods [4] . The disassembled parts and components are categorized into reusable components, environmentally hazardous and those with noble metals. For recovery of tin, tin alloys or lead alloys such as solder, leaching technology can be used to dissolve the solder and then the dissolved solder can be recovered in pure metallic form by electrolytic processes [5] . For efficient liberation and separation of metallic components from non-metallic components such as plastics and ceramics, the pcbs are initially crushed. Grinding is followed by material separation based on physical properties namely magnetic, electrostatic, density, visual, etc.
Further retrieving of metals can be done either by pyrometallurgical or hydrometallurgical processes. The pyrometallurgical route has been adopted by a few countries and smelters are successfully used for retrieving of various metals [6] . Many alternative hydrometallurgical routes are also developed for the efficient separation of metals in a cost-effective and environment-friendly manner. Some papers have reported a promising method for separation of metals in pcbs by solvent extraction [7, 8] . For separation of metals by solvent extraction, the pcb fines are first to be leached in a suitable solvent and then the metals can be separated using various extractants.
Copper constitutes approximately 15 -20 weight% of the total metal content in a pcb and nickel though constitutes a small weight% has a high economic value. Hence in this study experiments on separation of copper and nickel by solvent extraction have been performed using a modified aldoxime LIX 664N as the extractant. LIX reagents are chelating extractants. The development of LIX reagents (Liquid Ion Exchange Reagents) for extraction of metals has been a major breakthrough in efficient and economical separation of metals by solvent extraction. There are several LIX reagents such as LIX 84, LIX 984, LIX 984N, LIX 622, LIX 622N, LIX 973, LIX 973N that are available for copper extraction. The "N" products have different chemical structures than the others. As a result, "N" products have slightly faster kinetics (rate of reaction). However, the "N" products have slightly lower stability factors due to their difference in chemical composition [9] . In the papers by Alguacil and Cobo [10] and Sridhar et al. [11] it has been shown that copper and nickel can be separated using LIX 973N and LIX 984N, respectively by co-extraction from ammoniacal/ammonium carbonate aqueous media followed by their selective stripping. But there can be appreciable ammonia carryover by the organic phase from the solvent feed to strip as suggested by Flett and Melling [12] . Another method of separation of copper and nickel has been proposed by Giannopoulou and Panias [13] by electro recovery of copper followed by nickel precipitation through neutralization.
In this work separation of copper and nickel is carried by selective extraction of copper and nickel at different pH followed by the stripping of the respective loaded organic phases for recovery of copper and nickel. The extractant used is LIX 664N.
LIX 664N is a mixture of 5-nonylsalicylaldoxime with a proprietary ester modifier and a high flash point hydrocarbon diluent. Salicylaldoximes provide high copper transfer kinetics and extractive strength. Since not much published data is available for LIX 664N, it has been chosen as the extractant for separating copper and nickel in this study.
Experimental

Materials and Methods
The simulated feed solution had both copper and nickel in sulfate medium in a ratio of 10:1, approximately the same as that in a pcb. Commercial grade kerosene was used as diluent. LIX 664N was obtained from Cognis, Ireland. Metal concentrations were determined by using Atomic Absorption Spectroscopy (AAS). The chemicals used were of AR grade.
Experimental Procedure
The feed solution for copper and nickel separation was prepared so as to contain 3.5 g/l of copper and 0.35 g/l of nickel in sulfate medium. LIX 664N in kerosene was used as the organic phase. The maximum copper loading mentioned in the specifications for LIX 664N was 5.5 to 5.9 g/l of copper. Hence feed solution with copper concentration lower than the maximum loading concentration was taken. The required amount of copper sulfate and nickel sulfate were dissolved in de-mineralized water to prepare the feed solution with concentration mentioned above. Literature states that copper (II) is strongly extracted at a pH of approximately 2 and nickel (II) at a higher pH of 9 to 9.5. Experiments were carried out by contacting the aqueous and organic phases using separating funnel at room temperature.
Kinetics of copper and nickel extraction was studied separately for both copper and nickel with a phase ratio of 1:1. The effect of the extractant, LIX % (v/v) in kerosene on selectivity has been found by taking a mixture of copper and nickel sulfate solution with the ratio of copper to nickel as 10:1 and O:A as 2:1 at pH 2. The LIX percent that gave the highest selectivity is the desired %LIX for separation of copper and nickel at pH 2. Also at pH 2, the influence of %LIX on extraction of copper was found by contacting the aqueous feed solution with varying concentration of LIX (v/v) in kerosene.
With maximum amount of copper getting extracted at this pH of 2, the raffinate phase has nickel remaining in it. The pH of the raffinate was raised to 9 by adding ammonia solution and the influence of extractant LIX % (v/v) on nickel extraction was studied. Extraction isotherm was developed for copper extraction and the number of stages required for copper extraction determined for both O:A as 1:1 and 2:1.
Stripping of copper loaded organic phase was accomplished with relatively strong acid solutions. In this case it was done with 180 g/l H 2 SO 4 with O:A as 1:1 in two stages.
Each time the raffinate concentration is found using AAS and the corresponding organic phase concentration of copper or nickel is found by the difference of the feed and the raffinate phase concentrations.
Results
The extractant, LIX chemically bonds to the metal ion at two sites and releases a hydrogen ion into the aqueous solution from which the copper is extracted in exchange for hydrogen ion. If the aqueous solution is relatively stronger in acid concentration; at 180 g/l for example, the exchange of copper is in the other direction. Now the extractant releases the copper ions for hydrogen ions. This exchange is stripping.
Extraction can be described as:
Here HR is the extractant and aq. and org. are the aqueous and organic phases, respectively.
The extraction equilibrium constant, K ex is given as two species. Here it is the ratio of distribution coefficient of copper to that of nickel. For experiments performed on mixture of copper and nickel, the selectivity was as high as 6000 at 40% LIX (v/v). This is seen in Figure 4 . The % extraction of copper and selectivity increased with increasing concentration of LIX. However, very high LIX concentration can have serious problems in extraction due to high viscosity and low mass transfer rates. Extraction isotherm for copper is shown in Figure 5 . The number stages determined for O:A as 1:1 and 2:1 are shown in the figure. It shows that for the phase ratio O:A as 1:1, almost complete recovery of copper is possible in 2 stages. With O:A as 2:1, copper can be recovered almost completely in one stage. However 2 stages are recommended for 99.9% recovery. Thus LIX 664N shows very good extraction properties for copper.
The copper loaded organic phase was subjected to stripping with 180 g/l H 2 SO 4 at O:A phase ratio of 1:1 in two stages. Overall copper recovered from the organic phase in the stripping stage is 98.5% with the recovery as 86% and 12.5% respectively in the two stages.
For extraction of nickel remaining in the raffinate phase after extraction of copper, the effect of % LIX 664N (v/v) as solvent was found on % extraction of nickel at pH 9. Maximum % extraction was approximately 80% at 30% LIX (v/v) as seen in Figure 6 . These values are not as high as those observed for copper.
Conclusions
The present study shows that 30% LIX 664N in kerosene 
